Based on benthic macroinvertebrate samples from 57 sites of streams in the European Central Highlands (Ecoregion 9; Illies (1978) . Limnofauna Europaea, Stuttgart), the composition and the abundance of Simuliid species were analysed in relation to hydromorphological and land use parameters. Sampling sites were located at two stream types differing in catchment geology, stream morphology and channel width. Land use data were taken from the official German information system for cartography and topography (ATKIS) and the German River Habitat Survey. Land use categories suitable to describe the sampling sites were 'agricultural land', 'urban' and near-natural areas. Hydromorphological parameters of the sites were recorded using the AQEM site protocol (AQEM Consortium (2002) . Manual for the application of the AQEM system. A comprehensive method to assess European streams using benthic macroinvertebrates, developed for the purpose of the Water Framework Directive. EVK1-CT1999-00027, Version 1.0. Available via the Internet from www.aqem.de). Relevant parameters controlling Simuliid distribution in streams were the mineral substrates and the biotic microhabitats. Blackfly larvae and pupae were sampled at each site for 15 min. Statistical analysis was performed by CANOCO s (Ter Braak & Smilauer (1997) . CANOCO Version 4.5. Biometrics Plant Research International, Wageningen, The Netherlands) using redundancy analysis (RDA).
Introduction
According to the requirements of the European Water Framework Directive (WFD) (EU Commission 2000) , Member States have to start biological programmes to monitor the ecological status of rivers and streams by 2006. The WFD stipulates the application of methods that are based on stream type-specific conditions of the biotic communities, which must be compared to their (near-)natural reference conditions as a benchmark for the ecological status assessment.
These demands have promoted the designation of biologically defined stream typologies all over Europe. For this, surface waters are grouped according to abiotic descriptors such as ecoregion, altitude, catchment area and geology, and biotic data of pristine sites (e.g. Lorenz, Feld, & Hering 2004a) . Furthermore, referencebased assessment necessitates the comprehensive description of the ecological features of each surface water type including physico-chemistry, hydromorphology, land cover, and flora and fauna naturally occurring (e.g. Pottgiesser & Sommerha¨user 2004) .
In general, the WFD implements a holistic approach in water quality assessment: Note the impact of single pressures on individual biotic groups but the entirety of anthropogenic pressures impacting the species composition is decisive for ecological status classification.
In many Central European streams, hydromorphological degradation has actually become an important pressure affecting the in-stream biota (Feld, Kiel, & Lautenschla¨ger 2002) . This type of degradation embraces human-induced environmental pressures at different scales ranging from the catchment area down to the stream microhabitats (Feld 2004) .
Since the WFD stipulates biological monitoring of water bodies impacted specifically by hydromorphological stress, the evaluation of the effects of anthropogenic alteration on the stream morphology using freshwater biota is inevitable. In particular, benthic invertebrates are useful biological indicators of hydromorphological river quality, integrating and reflecting stream degradation and riparian land use. Based on various taxonomic groups within the benthic macroinvertebrates, pressure-specific assessment indices focusing on the detection of the hydromorphological status have recently been developed in the AQEM 1 project for several German stream types (Lorenz, Hering, Feld, & Rolauffs 2004b) . This paper investigates the specific environmental requirements of species of Simuliidae (Diptera) and their response to hydromorphological degradation. As the larvae and pupae of several Blackflies prefer specific flow situations and streambed structures, we argue that they should be good indicators of morphological degradation. Their communities should show stream type-specific variation in composition and abundance.
In general, Blackflies are widespread and commonly found in running waters. Several studies have demonstrated that the Blackfly composition is controlled by various environmental variables which are directly linked to anthropogenic pressures on the riverine landscape, e.g. the loss of riparian vegetation or frequent disturbances (Feld et al. 2002; Ru¨hm 1998; Timm 1995; Zhang, Malmqvist, & Englund 1998) . Furthermore, Simuliids are known to react to physical and chemical degradation including acidification and organic pollution (Glo¨tzel 1973; Seitz 1992) . Timm (1990) described the sensitivity of some Blackfly species to unshaded stream conditions, and Lorenz et al. (2004b) assigned indicator values for the detection of hydromorphological pressures to Simuliids.
In this context, our study likes to contribute to the current knowledge of the Simuliid ecology. Particularly, three major questions are addressed: (1) Does the Blackfly fauna vary in composition and abundance depending on the stream type investigated? (2) Which environmental variables (e.g. land use, channel substrate types, riparian vegetation) are suitable (and necessary) to measure the impact of hydromorphological degradation on the Simuliid community? (3) Does the Simuliid community react to the grade of degradation in the catchment area?
Study sites, materials and methods
Selection of sampling sites
In total, 57 sites at two stream types in the catchments of the Werra river in middle-eastern Germany and the Ruhr river in western Germany were sampled (Fig. 1) . All sites are located in the Central Highlands (Ecoregion 9; Illies 1978) covering an altitude range from 100 to 600 m a.s.l. For both catchment areas sampling covered small-and medium-sized streams.
A pre-selection of sampling sites was undertaken to cover a degradation gradient from reference to heavily degraded sites with focus on land use (urban areas, agricultural land use and forested areas) as the main pressure. The initial pre-selection process was based on information derived from ATKIS 2 land cover data. Additional information on morphological stream status and stream reaches was compiled using data from earlier studies, monitoring reports, and data on habitat quality, such as the German River Habitat Survey.
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1 EU funded project for 'The development and testing of an integrated assessment system for the ecological quality of streams and rivers throughout Europe using benthic macroinvertebrates'. The two investigated stream types are brooks of the Central Highlands with a catchment area of 10-100 km 2 and streams of the Central Highlands with a catchment area of 100-1000 km 2 . Reference status was assigned to sites where the catchment was covered by natural forest or at least typical riparian vegetation was present, and hydromorphological pressure was absent. As we intended to focus on morphological degradation, sampling sites were chosen, where streams were not affected by organic pollution. Therefore, sites with sewer overflows o500 m upstream were excluded.
Stream types
Headwater streams of the Central Highlands (German Stream Type 5: Small coarse substrate-dominated siliceous highland river) are characterised by mid-to large-sized siliceous rocks, high current velocities and a slight tendency to low pH values. In reference condition, the natural riparian vegetation of these brooks consists of alder (Alnus glutinosa (L.) GAERTN. 
German River Habitat Survey and land use
The German River Habitat Survey (LAWA 2000) was devised to assess the morphological quality of rivers against type-specific reference conditions. The method evaluates six main parameters: stream course development (e.g. meandering and erosion), longitudinal profile (e.g. current diversity and depth, migration barriers), channel bed structures (e.g. type of channel substrate, artificial channel bed), cross profile (e.g. width erosion), bank structures (e.g. vegetation and impairments) and land use (surrounding environment). To each main parameter, scores are assigned ranging from 1 (not modified) to 7 (completely modified). These parameters were supposed to reflect the habitat quality for macroinvertebrates.
For the sampling sites three main land use categories in the catchment areas were identified: 'Agricultural land use', 'urban areas', 'forest areas' which divides into 'native forest' and 'coniferous wood'. Land use was calculated as percent coverage of the catchment area upstream of each sampling site. Other forms of land use were comprised in a separate category and labelled as 'other land use'.
Sampling and sample processing
A total of 57 samples were taken: Each of the 31 sites belonging to stream type 5 and each of the 26 sites of stream type 9 were sampled once. Ten reference sites of stream type 5 were selected using data from earlier studies (LUA 1999a, b) . None of the sampling sites of stream type 9 showed reference quality. Therefore, three sites in 'best available' status had to be accepted as the reference for the analysis. Sites in the Werra catchment ARTICLE IN PRESS At each sampling site the coverage of mineral substrates and biotic microhabitats was estimated according to the standardised AQEM site protocol (AQEM Consortium 2002, for further details see www.aqem.de).
Since Blackflies are often characterised by clumped distribution (Feld et al. 2002) , they usually occur at highest densities in microhabitats covering less than 5% (e.g. single branches or stones). Thus, Blackflies were collected by time-restricted sampling of 15 min of especially these substrates.
Simuliid pupae and larvae were determined to species level, immature larvae without well-developed gills were identified to genus level.
Statistical analysis
The statistical analysis was processed using the CANOCO s software package (Ter Braak & Smilauer 1997) . Species and environment variables were extracted by ordination axes reflecting the environmental variables in a redundancy analysis (RDA). In RDA ordination, the ordination axes are linear combinations of environmental variables, which explain as much as possible of the variance in the species-based ordination of samples. RDA is a direct gradient analysis and, as the axes are not fitted freely to the objects, but also determined by the environmental variables, RDA is a constrained principal component analysis (Podani 2000) . The strategy of RDA is a canonical correlation analysis in which correlations between the species are neglected. RDA corresponds basically to regressions with multivariate explanatory ( ¼ environmental variables) and response variables ( ¼ species data). For each parameter (variable), the analysis gives a correlation coefficient to detect how much of the variability in species composition is explained by the environmental variable (e. g. see Table 3 ). The analysis results in a plot where the first axis is constraint to the variable with the strongest gradient (influence on species composition). A Monte Carlo Permutation Test was performed for all analyses. Inflation factors410 were not taken into account (Podani 2000) . RDA was performed for all parameters of German River Habitat Survey, recorded microhabitat parameters of AQEM protocol and for land use date (% coverage) in one step. Spearman rank tests and Mann-Whitney-U-tests were performed with STATISTICA s 6.1 (STATSOFT Inc. 2000).
Results
Species collected
The entire list of identified Blackfly larvae and pupae comprises 10 species (Table 2) . The genus Prosimulium is represented by Prosimulium hirtipes (Fries, 1824), whereas the genus Simulium includes nine different species and groups. A total of 5423 Blackfly larvae and pupae were sampled. P. hirtipes and Simulium ornatum Meigen, 1838 were by far the most abundant Simuliid species. Simulium variegatum Meigen, 1818 was collected frequently accounting for 16% of the total abundance. Simulium rostratum (Lundstro¨m, 1911) was represented by one specimen only. The species with the highest mean abundance at reference sites of stream type 5 (mountainous brooks) was P. hirtipes with a mean value of 95 individuals per site (see Fig. 2 ). At degraded sampling sites of stream type 5, Simulium argyreatum Meigen, 1818 and S. ornatum Gr. were collected most frequently with 58 and 45 individuals per site in average, respectively. Simulium equinum (Linnaeus, 1758) occurred only at degraded stream sites of this type. In stream type 9, the mean abundance of P. hirtipes was low at reference sites but higher at degraded sites (see Fig. 3 ). Species with highest mean abundance at degraded sites of stream type 9 were S. ornatum Gr. and S. variegatum.
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Stream types and biotic microhabitat characters Community level
In order to explore patterns of environmental variables which are responsible for the distribution of Blackfly species, a RDA ordination of site-specific abiotic data was processed. Results are listed in Table 3 .
The distribution of the Blackfly fauna is highly related to axes 1 and 2 showing a species-environment correlation of 78%. The analysis reveals high correlations for species data and stream types, explaining 69% of the distribution fitting with the first axis. On catchment scale, stream type information is best suited (69%) to explain distribution of Blackfly species (see Table 3 ). On reach scale, three parameters mainly derived from the protocol of the German River Habitat Survey describe the distribution of the Blackfly fauna fairly well: Average stream depth, relation of riffles and pools, and diversity of current velocity explain up to 45% of the species distribution. Habitat quality is represented by the parameters '% particulate organic matter', '% macrophytes', '% algae cover' and '% woody debris'. The correlation of species distribution and these parameters of habitat quality ranges between 26% and 38%.
Strong correlations of two hydrochemical parameters are to be mentioned: Both conductivity and oxygen level measured at the site explain 50% of the Blackfly distribution.
Species level
Species-focused analysis by Spearman rank correlations reveals strong relationships between the occurrence of P. hirtipes, S. argyreatum Gr., S. equinum and S. ornatum Gr., and the parameters stream type and altitude, channel bed quality and water quality (see Table 4 ).
Especially P. hirtipes is more frequent in stream type 5 and at higher altitudes, i.e. it prefers the rhithral regions of brooks and small rivers. The abundance of the larvae of P. hirtipes and S. argyreatum Gr. increases with higher amounts of woody debris in the stream and with the availability of fine sediments. The number of individuals decreases with the loss of habitat diversity in the stream channel. This loss of diversity was characterised by a low riffles/pools relation, decreasing variability of stream width, and uniform current velocity. In contrast, the larvae and pupae of the species S. equinum and S. ornatum Gr. are more frequent in stream type 9, i.e. they prefer the potamal region of wider rivers. The abundance of S. equinum and S. ornatum Gr. larvae decreases with an increase of natural structures formed, e.g. by woody debris, but increases with a loss of habitat diversity.
Morphological stressor: land use
A general gradient of hydromorphological degradation of streams derived from land use analysis in the catchment area is evident from Fig. 4 . Both axes of the RDA plot account for nearly 87% of the total variance of the environmental dataset and for 49% of the total variance of the distribution of P. hirtipes and S. ornatum Gr. Land use parameters were not equally important to the invertebrate assemblages (Table 5 ). General morphological degradation of the catchment area due to anthropogenic activities is represented by '%urban areas' and '%agricultural land use' (crop land and cattle fields). According to the RDA results, this pressure is indicated by a high abundance of S. ornatum Gr. accompanied by S. equinum.
Sites with a high proportion of native forest in the catchment should be rather strong descriptor of hydromorphological reference conditions. At least in stream type 5, these sites are dominated by the taxon P. hirtipes. According to RDA data, this species is accompanied by S. argyreatum Gr. and both of them are clustered opposite of '%urban areas' (Fig. 4) . For other Blackfly species the first two axes account for less than 30% of variance.
Discussion Stream type and microhabitat quality
This study shows that the presence of P. hirtipes characterises low-order rivers at higher altitudes (stream type 5). Similar results are reported by Seitz (1992) who described P. hirtipes as a typical inhabitant of mid-sized forest brooks in higher altitudes (500 m a.s.l.), also in association with S. argyreatum Gr. Prosimulium species are known to be intolerant of higher water temperatures (Davies & Smith 1958; Timm 1993) . Therefore, their distribution is restricted to sites of lower temperature such as smaller watercourses at 300-700 m a.s.l., and sites which are shaded by trees and riparian vegetation. Studies from Feld et al. (2002) revealed a restriction of Prosimulium to mountain streams of ecoregion 9. Zwick and Zwick (1990) and Timm (1993) observed a strong correlation between riparian vegetation and oviposition sites of female Prosimulium. Oviposition of this species is restricted to the moss Brachythecium velutinum, which 
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Simulium spec. occurs at shaded stream banks only (Timm 1993; Zwick & Zwick 1990 ). Additionally, the present study demonstrates a correlation of the occurrence of P. hirtipes and the percent coverage of woody debris and coarse particulate organic matter (CPOM) in the streambed. Furthermore, our analyses show a decrease in abundance of Prosimulium with decreasing streambed complexity expressed as 'relation riffles/pools', 'diversity of stream width' and 'diversity of current velocity'. Banks and beds of pristine streams in Ecoregion 9 are characterised by a large amount of woody debris which leads to a high diversity in channel bed characteristics and flow parameters. Therefore, the decrease in abundance of Prosimulium indicates a significant loss of natural microhabitats and denotes stream degradation caused by man-made impacts on the riverine landscape. Previous studies have shown that Prosimulium was suitable to explain variance in the distribution of species with changes of current velocities (Feld et al. 2002) .
Although many studies focused on the relationship between the occurrence of larvae and pupae of several Blackfly taxa and the substratum (Hart 1978; Kiel, Bo¨ge, & Ru¨hm 1998; Malmqvist, Zhang, & Adler 1999) RDA was performed for all parameters of German River Habitat Survey, microhabitat variables and hydrochemical parameters. Correlation coefficients for parameters which explain 420% of species variance on either axis 1 or 2 are listed below. Parameters with an inflation factor 410 were neglected and are therefore not stated below.
the occurrence of P. hirtipes on stones or branches in turbulent flow. In addition, our results reveal a positive correlation between the abundance of P. hirtipes and the presence of fine mineral substrates in the channel bed. For pristine streams this finding does not contradict current knowledge on larval and pupal habitat requirements of these taxa. Reference sites of siliceous highland rivers of ecoregion 9 are dominated by both fine and coarse substrates due to an alternation of fast, turbulent flow conditions in riffle reaches and slow flowing, lenitic zones at pool areas. Woody debris, fallen leaves, macrophytes, algal tufts and mud are important habitat-forming parameters in these streams. Especially woody debris together with deposits of CPOM increases the variability of current velocity and depth. These features indicate natural flow conditions (Feld et al. 2002) . In the siliceous highland rivers lenitic zones and pool areas regularly were formed by barriers of woody debris and roots of riparian trees. Generally, these pools fill with fine sediments, but the wooden barriers create turbulent flow situations. Therefore, despite high amounts of fine mineral sediments, turbulent flow situations are created to a great extent by woody debris and roots, thus being the prerequisite for larvae and pupae of P. hirtipes in these stream types.
In general, in European mountain streams degradation of channel bed morphology is often indicated by a Fig. 4 . RDA ordination plot of Blackfly species and land use parameters. Species fit for S. ornatum Gr. and P. hirtipes is 430%. Species labels are displayed as symbols even in linear ordination for better reading. Land use was calculated as percent coverage of the catchment area upstream of each sampling site; parameters are listed in the text. For correlation coefficients of land use parameters see Table 5 . Parameters with an inflation factor 410 were neglected and are not given below.
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loss of pool/riffle sequences caused by stream regulation and the removal of coarse woody debris. Consequently, the presence of P. hirtipes indicates natural channel bed conditions. However, in our study comparatively high numbers of P. hirtipes were found at degraded sites of medium-sized streams (type 9), while low numbers occurred at reference sites. Several studies mentioned P. hirtipes as character species for forested highland streams from small to medium size (Glatthaar 1978; Knoz 1965; Seitz 1992) , and high temperature and the absence of their specific oviposition substrates were regarded as key factors for their absence (Timm 1993; Zwick & Zwick 1990 ). Whether or not this is the comparably low numbers of P. hirtipes at reference sites of stream type 9 were caused by one of these factors has to be dealt with in further studies. According to our mapping of habitat structures and stream character, the habitat quality for the development of P. hirtipes should be more or less ideal (shading, woody debris, turbulent flow, stable substrates for oviposition). The high numbers at degraded sites probably were caused by drift from near-natural sites upstream sampling sites: High numbers were collected in a parallel study upstream sampling sites.
According to our results, watercourses of the Central Highlands belonging to stream type 9 are characterised by the presence of S. equinum and S. ornatum Gr. From earlier studies (Feld et al. 2002; Illesova, Halgos, & Jedlicka 1995; Illesova, Jedelicka, & Halgos 1994; Seitz 1992) , S. equinum is known to be a typical inhabitant of larger streams and lowland rivers. In fact, it is frequently found on leaves of submerged macrophytes in unshaded rivers (Timm & Klopp 1993) . Concerning the sites sampled in this study, S. equinum was frequently found on leaves of macrophytes and the abundance of macrophyte cover in stream type 9 is much higher than in stream type 5. According to Seitz (1992) , S. ornatum Gr. shows no specific longitudinal zonation preference. He describes the specimen as euryoecious and not linked to special environmental conditions. Timm and Klopp (1993) observed that females of S. ornatum Gr. oviposite at sites without tree shade, i.e. streams that are missing riparian vegetation. The riparian vegetation of morphologically degraded streams is often reduced to isolated trees. S. ornatum Gr. is frequently found in larger numbers on densely growing submerged macrophyte leaves and at sites with no or little riparian vegetation (Ru¨hm 1970; Ru¨hm & Pru¨gel 1988; Timm & Klopp 1993) .
Prediction of Simuliid distribution by land use parameters
The large-scale variables used in the analyses seem directly related to the microhabitat parameters at the sampling sites, and the structural parameters at reach scale. Females of S. ornatum Gr. prefer unshaded sites for oviposition, and the larvae are more resistant to the hydrochemical degradation of running waters. Therefore, this species reflects higher levels of anthropogenic land use upstream of the sampling site. Frissell, Liss, Warren, and Hurley (1986) proposed a model arranging the controlling factors of stream ecosystems from catchment to habitat in a hierarchical space and time framework, and Richards, Johnson, and Host (1996) stated that environmental parameters in the catchment area serve as an explanation for the variation in invertebrate distribution. However, these authors also stressed that separating the effects of land use from other parameters in the catchment area (geology, topography, catchment area size) is not easy. Investigations of Walsh, Sharpe, Breen, and Sonneman (2001) have shown that the influence of urbanisation in the catchment area on the stream biota included geological parameters. Allan, Erickson, and Fay (1997) stated that habitat quality varies with the type of land use.
Our analysis revealed significant correlations of the Blackfly distribution with geographical factors and land use parameters on catchment scale. During the last decade, several publications focused on interactions between catchment and local aquatic fauna, using basin variables such as geology, land use and ecoregion to define bioregions or to predict habitat quality (e.g. Richards et al. 1996; Sandin 2003) . These approaches were based on the assumption that prior parameters, e.g. the geomorphology in the catchment area, influence the distribution of habitats and local substrate diversity in the channel bed (Arscott, Glatthaar, Tockner, & Ward 2000) . By cluster analyses of Simuliid distribution and environmental factors of Switzerland, Glatthaar (1978) has grouped 17 Simuliid species into five associations. For catchments in the high Tatra, Illesova, Halgos, and Krno (2000) described Simuliidae communities in relation to geographical factors. Based on the analysis of 2600 macroinvertebrate samples in the context of the list of a European-wide system of evaluation for running waters, Ofenbo¨ck, Moog, and Car (2002) have demonstrated that the Blackfly communities in Austria differentiate with respect to bioregions. The authors classified reference sites for Simuliids on the basis of catchment characteristics.
In this study, we presented that the Simuliid distribution varies dependent on some large-scale environmental factors such as stream type and land use. Nevertheless, the effects are overlaid by the direct dependency of the Simuliids on water and habitat quality. More detailed information about habitat quality including the analysis of additional parameters is needed to identify those factors which basically determine the Blackfly distribution at the site. In particular, a more extensive sampling campaign may yield broader results. The sampling for this study took place in April when most Blackfly species are present either as pupae or as larvae. An analysis based on data covering several seasons would allow for more detailed conclusions.
